Loss of spindle-pole integrity during mitosis leads to multipolarity independent of centrosome amplification 1-4 . Multipolar-spindle conformation favours incorrect kinetochore-microtubule attachments, compromising faithful chromosome segregation and daughter-cell viability 5, 6 . Spindle-pole organization influences and is influenced by kinetochore activity 7, 8 , but the molecular nature behind this critical force balance is unknown. CLASPs are microtubule-, kinetochore-and centrosome-associated proteins whose functional perturbation leads to three main spindle abnormalities: monopolarity, short spindles and multipolarity 9-13 . The first two reflect a role at the kinetochore-microtubule interface through interaction with specific kinetochore partners 10,11,14 , but how CLASPs prevent spindle multipolarity remains unclear. Here we found that human CLASPs ensure spindle-pole integrity after bipolarization in response to CENP-E-and Kid-mediated forces from misaligned chromosomes. This function is independent of end-on kinetochore-microtubule attachments and involves the recruitment of ninein to residual pericentriolar satellites. Distinctively, multipolarity arising through this mechanism often persists through anaphase. We propose that CLASPs and ninein confer spindle-pole resistance to traction forces exerted during chromosome congression, thereby preventing irreversible spindle multipolarity and aneuploidy.
mechanism is related to multipolar-spindle formation independent of centrosome amplification, for example due to premature centriole disengagement or loss of spindle-pole integrity [1] [2] [3] [4] 15 . To investigate the mechanism by which CLASPs (cytoplasmic linker-associated proteins) prevent spindle multipolarity in human cells, we used HeLa cells stably expressing the centriole marker centrin-GFP and immunodetection of γ-tubulin to determine the number of centrioles in each individual pole on CLASP1/2 depletion by RNAi. As positive controls, we used cells treated with either 2 µM cytochalasin D, an inhibitor of actin polymerization and cytokinesis; astrin (also known as SPAG5, spermassociated antigen 5) short interfering RNA (siRNA), which leads to premature centriole disengagement 15 ; or TOGp (also known as CKAP5, cytoskeleton-associated protein 5) siRNA, which perturbs spindle-pole integrity 2, 3 ( Fig. 1a-c and Supplementary Fig. S1a-d ). All of these treatments caused a significant increase in the percentage of mitotic cells with multipolar spindles (Fig. 1a) . Simultaneous depletion of CLASP1 and CLASP2 ( Supplementary Fig. S1b ) resulted in 17.3 ± 4.1% of mitotic cells with multipolar spindles, whereas individual depletion of CLASP1 or CLASP2 caused, respectively, 6.3 ± 0.9% and 5.1 ± 0.2% of multipolar mitosis (Fig. 1a) . These frequencies are significantly higher than in control cells (∼1%; Fig. 1a ), indicating that the two human CLASPs cooperate to prevent spindle multipolarity. Interestingly, 29.9 ± 9.5% of poles in CLASP1/2-depleted multipolar cells were acentriolar and 20.7 ± 8.5% had a single centriole, a phenotypic distribution that was distinct from that of cytochalasin D treatment or astrin RNAi, but resembled that of TOGp RNAi (Fig. 1b,c) . However, CLASP1/2 depletion did not affect TOGp localization at spindle poles ( Supplementary Fig. S2 ), indicating that the observed multipolarity is independent of TOGp and is primarily caused by loss of spindle-pole integrity and, to a lesser extent, due to centriole disengagement.
We have previously identified astrin as part of a CLASP1 complex involved in the regulation of kinetochore-microtubule dynamics 11, 14 . Note that the possibility of centrosome overduplication was discarded because the frequency of CLASP1/2-depleted mononucleated cells entering mitosis with more than two centrosomes was less than 1% (our unpublished observations). Quantitative data are means of three independent experiments. Scale bars, 5 µm.
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To determine whether the eventual centriole disengagement observed in CLASP1/2-depleted multipolar spindles arises from premature activation of separase as seen on astrin depletion 15 , we quantified loss of sister-chromatid cohesion in chromosome spreads from cells transfected with control, SGOL1 (which encodes a centromeric protein involved in sister-chromatid cohesion, Sgo1) 16 , astrin or CLASP1/2 siRNAs. We found that ∼70% of CLASP1/2-depleted cells showed normal sister-chromatid cohesion, corresponding to 5-and 15-fold the respective percentages in astrin-or Sgo1-depleted cells ( Supplementary  Fig. S3a,b) . Moreover, separase depletion, which rescues spindle bipolarity on astrin RNAi (ref. 15) , had no effect in the observed multipolarity after CLASP1/2 depletion ( Supplementary Fig. S3c ). Finally, the recruitment of astrin to spindle poles was unaffected in CLASP1/2-depleted cells ( Supplementary Fig. S2 ). These data indicate that loss of spindle pole integrity and centriole disengagement observed in CLASP1/2-depleted cells is independent of astrin and premature separase activation. To directly correlate centriole and mitotic spindle behaviour in CLASP1/2-depleted cells, we carried out live imaging of HeLa cells stably co-expressing EGFP-centrin-2 and α-tubulin-mRFP. Control cells assembled a bipolar spindle and progressed from nuclear envelope breakdown (NEB) into anaphase in 33.1 ± 11.3 min (Fig. 2a,d and Supplementary Movie S1). CLASP1/2-depleted cells established short bipolar spindles, with 50% entering anaphase in 96.7 ± 75.8 min and the other 50% becoming multipolar after a variable delay (NEB to multipolarity: 80.9 ± 55.7 min; Fig. 2b-d) . A significant fraction of CLASP1/2-depleted multipolar cells (8/34) ended up satisfying the mitotic checkpoint and underwent a multipolar anaphase during our recordings (NEB to anaphase: 333.1 ± 113.8 min; Fig. 2d ; Supplementary Movie S2). Inspection of spindle poles in CLASP1/2-depleted cells as they become multipolar revealed that in ∼70% of the cases the newly formed poles were acentriolar and derived from fragmentation of pre-existing poles ( Fig. 2b and Supplementary Movie S2). In the other 30%, there was centriole disengagement leading to the formation of two mono-centriolar poles ( Fig. 2c and Supplementary Movie S3). Importantly, all multipolar spindles in CLASP1/2-depleted cells arose after the establishment of a bipolar spindle and their maintenance required pushing forces mediated by the kinesin-5 Eg5 ( Supplementary Fig. S4 and Movies S4 and S5). The observation that 50% of CLASP1/2-depleted cells with short spindles ultimately become multipolar indicates that the relatively moderate levels of multipolarity in fixed cells is an underestimation of the real penetrance of this phenotype.
It was recently reported that extensive metaphase delay causes 'cohesion fatigue', leading to precocious sister-chromatid separation, followed by centriole disengagement and spindle multipolarity in a separase-independent manner 17, 18 . To rule out the possibility that multipolarity in CLASP1/2-depleted cells was mainly due to a metaphase delay, we treated control cells with the proteasome inhibitor MG132 for 3 h, which blocks anaphase onset without preventing mitotic-checkpoint satisfaction. No increase in the normal number of cells with multipolar spindles was observed (our unpublished observations). Although we cannot exclude that cumulative events due to CLASP1/2 depletion result in some cohesion fatigue (see Supplementary Fig. S3a,b) , the initial spindle-pole fragmentation events in CLASP1/2 RNAi occur at least 1.5 h before the first manifestations of centriole disengagement and consequent multipolarity normally associated with cohesion fatigue 17, 18 . Although not sufficient, a delay in mitotic-checkpoint satisfaction might be necessary to cause loss of spindle-pole integrity in CLASP1/2-depleted cells. To investigate this, we filmed CLASP1/2-depleted cells in the presence of an Mps1 inhibitor necessary for mitotic-checkpoint activity 19 . Under these conditions, all control and CLASP1/2-RNAi cells entered anaphase with bipolar spindles after 11.7 ± 2.4 min and 14.6 ± 4.7 min, respectively ( Fig. 2d and Supplementary Fig.  S5a ), indicating that spindle multipolarity observed on CLASP1/2 depletion is associated with conditions that prevent mitotic-checkpoint satisfaction (presumably due to unattached kinetochores).
We next investigated whether loss of spindle-pole integrity on CLASP1/2 depletion was related to a role in kinetochore-microtubule dynamics 11 . First, we perturbed end-on kinetochore-microtubule attachments by co-depleting CLASPs with NUF2 (ref. 8) . Surprisingly, ∼20% of NUF2-depleted cells assembled multipolar spindles (Fig. 2e,f and Supplementary Fig. S1e ), which was probably due to cohesion fatigue 17, 18 , because extensive sister-chromatid separation was observed in some, but not all, chromosomes ( Supplementary Fig. S3a,b ) and the finding that even laterally attached kinetochores can be significantly stretched 20 . Importantly, co-depletion of CLASPs and NUF2 synergistically exacerbated the spindle-multipolarity phenotype (Fig. 2e,f and Supplementary Fig. S1e ), indicating that the role of CLASPs in the maintenance of spindle-pole integrity is independent of end-on kinetochore-microtubule attachments 11, 14 and that the multipolarity observed on CLASP1/2 and NUF2 individual depletions arises through independent mechanisms. Finally, as CLASP1/2 depletion increases kinetochore-microtubule stability 11 , we investigated whether this could explain the observed multipolarity. To do so, we hyperstabilized kinetochore microtubules with the aurora B inhibitor ZM447439 (ref. 21) , which in control cells recovering from Eg5 inhibition always led to permanent bipolar spindles (8/8), but did not prevent multipolarization of CLASP1/2-depleted bipolar spindles (7/8; Supplementary Fig. S5b ). Thus, spindle multipolarity associated with CLASP1/2 depletion is not related to their impact on kinetochore-microtubule dynamics and is independent of end-on kinetochore-microtubule attachments.
To directly investigate how a delay in mitotic-checkpoint satisfaction leads to loss of spindle-pole integrity on CLASP1/2 depletion, we switched to HeLa cells stably co-expressing H2B-histone-GFP and α-tubulin-mRFP to simultaneously monitor chromosome and spindle behaviour. Whereas control cells rapidly completed chromosome congression and entered anaphase shortly thereafter (Fig. 3a) , CLASP1/2-depleted cells showed few chromosomes that were unable to congress and/or stabilize their position at the metaphase plate and were significantly delayed in mitosis ( Fig. 3b and Supplementary Movie S6). Inspection of recorded cells assisted by four-dimensional reconstructions revealed that in 8/10 cells, loss of spindle-pole integrity on CLASP1/2 depletion was preceded by the presence of misaligned chromosomes along the vector of spindle-pole fragmentation ( Fig. 3c and Supplementary Movie S7). Immunofluorescence microscopy analysis further revealed that misaligned chromosomes on CLASP1/2 depletion showed at least one MAD2-positive kinetochore (Fig. 3d) .
Chromosome congression in human cells relies on the combined action of chromokinesins, such as Kid (also known as kinesin family member 22, KIF22; a kinesin-10), which generate polar ejection forces that push chromosome arms away from spindle poles 20, 22, 23 , and the plus-end-directed motor CENP-E (centromere-associated protein E; a kinesin-7) at unattached kinetochores, which slides misaligned chromosomes along pre-existing spindle microtubules 24, 25 . Both activities eventually contribute to microtubule capture from the opposing pole and consequently to chromosome bi-orientation. CENP-E exists in a complex with CLASPs during mitosis and is required for their proper recruitment to kinetochores 11 . However, CENP-E is still normally targeted to kinetochores in the absence of CLASPs (ref. 11). To investigate whether loss of spindle-pole integrity on CLASP1/2 depletion was due to CENP-E-and/or Kid-mediated forces at kinetochores/chromosome arms, we co-depleted CLASPs with CENP-E or Kid by RNAi. We observed that virtually all CLASP1/2-and CENP-E-co-depleted cells showed bipolar spindles, representing a 90% reduction in spindle multipolarity (Fig. 4a,b and Supplementary Fig. S1f ). CLASP1/2 and Kid co-depletion also significantly reverted spindle multipolarity, albeit only in ∼50% of the cases (Fig. 4b) . These results indicate that, in coordination with Kid-mediated forces on chromosome arms, CENP-E-mediated forces at kinetochores are responsible for the observed spindle multipolarity on CLASP1/2 depletion. This is in line with recent data showing that Kid favours lateral kinetochore-microtubule attachments before chromosome bi-orientation 20 . To ascertain the nature of the specific interplay between CLASP1/2 and CENP-E in spindle architecture, we co-depleted CENP-E with astrin or TOGp. Surprising, CENP-E depletion significantly rescued multipolarity of astrin-depleted, but not TOGp-depleted, cells (Fig. 4c) . Thus, CLASPs are not the only proteins required for spindle-pole resistance to CENP-E-mediated forces. However, spindle multipolarity was aggravated on CLASP1/2 co-depletion with astrin or TOGp, indicating that these proteins affect spindle-pole integrity through cumulative mechanisms (Fig. 4c) .
To distinguish between the role of CENP-E-mediated forces on congressing chromosomes and other possible motor-dependent activities of CENP-E (for example, promotion of microtubule plus-end elongation associated with spindle microtubule flux 26 ) as the cause of spindle multipolarity in CLASP1/2-depleted cells, we used a reversible allosteric inhibitor of CENP-E, GSK-923295, which allows temporal control of CENP-E motor activity 27 . First, we used GSK-923295 in a series of inhibition-washout experiments in living cells stably co-expressing H2B-histone-GFP and α-tubulin-mRFP. All control and more than 80% of CLASP1/2-depleted cells treated with 20 nM GSK-923295 remained bipolar with few misaligned chromosomes for more than 2 h from NEB (Fig. 4d) . However, whereas all control cells resumed congression and entered anaphase with bipolar spindles soon after drug washout, 50% of CLASP1/2-depleted cells became multipolar within 1 h (Fig. 4d and Supplementary Movies S8 and S9). Interestingly, addition-washout of GSK-923295 to CLASP1/2-depleted cells that had already lost spindle-pole integrity did not revert multipolarity (5/5), highlighting the irreversible nature of the process (Fig. 4b,d and Supplementary Movie S10). Next, we used photo-conversion of mEos-α-tubulin to measure spindle microtubule flux in cells treated with GSK-923295, and found no difference relative to control cells ( Supplementary Fig. S5c,d ). This directly demonstrates that CENP-E ATPase/motor activity is not required for flux. Together, these data indicate that CENP-E-mediated traction forces during chromosome congression are responsible for the irreversible loss of spindle-pole integrity and multipolarity in CLASP1/2-depleted cells.
Spindle-pole integrity is ensured by motor proteins of the kinesin-14 and dynein families 28 that work in concert with stabilizing proteins, such as TOGp and Tpx2 (refs 2,3,29) , to focus microtubule minus ends at spindle poles. However, the spindlepole localization of all these proteins was unaffected in CLASP1/2-depleted cells ( Supplementary Fig. S2 ), indicative of an alternative mechanism. We have previously identified the core centrosomal 
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Percentage of multipolar cells proteins CPAP and ninein as CLASP1-interacting proteins during mitosis 11 . CPAP and ninein have well-established roles in centriole duplication and microtubule anchorage/nucleation at the centrosome during interphase, respectively 30, 31 , but their functional relationship with CLASPs at mitotic centrosomes was unclear. We found CPAP centrosomal localization unaffected in CLASP1/2-depleted cells ( Supplementary Fig. S2 ), indicating that CLASPs may work downstream of CPAP to ensure spindle-pole integrity. On the other hand, we observed a strong correlation between CLASP1/2 and ninein levels at mitotic centrosomes, with multipolar spindles showing the lowest accumulation of ninein on CLASP1/2 RNAi (Fig. 5a,b and Supplementary Fig. S6a,b) . In agreement, even a partial depletion of ninein by RNAi (Supplementary Fig. S1g ) caused an increase in the percentage of cells with multipolar spindles, which showed a high number of poles with zero or one centriole (17.4 ± 6.7% and 29.8 ± 12.2%, respectively; Fig. 5c,d) . Moreover, we found that CLASP1/2 localization at centrosomes is unaffected by ninein depletion, indicating that ninein may act downstream of CLASPs (Supplementary Fig. S6c ). The observation that CLASP1/2 and ninein co-depletion did not exacerbate spindle multipolarity relative to CLASP1/2 depletion and that multipolarity in ninein RNAi was extensively reverted by co-depletion with CENP-E (Fig. 5e ) further supports this conclusion. Finally, we mapped ninein localization on mitotic centrosomes and found that it extensively co-localizes (Pearson correlation = 0.89) with the pericentriolar satellite marker PCM-1 ( Fig. 5f; ref. 32 ). Overall, these data support that CLASPs ensure spindle-pole integrity by recruiting ninein to residual pericentriolar satellites during mitosis. Molecular perturbations that lead to loss of spindle-pole integrity are normally associated with misaligned chromosomes and a significant mitotic delay 2, 3, 7, 15, 29, [33] [34] [35] [36] . The findings reported in this work assign to multiple forces required for normal chromosome alignment an active role as the cause for the loss of spindle-pole integrity on certain pole perturbations (Fig. 5g) . Interestingly, a similar force balance between CENP-E and spindle poles has recently been reported on disruption of the Ndc80 complex 37 , but it remained unclear how this perturbation sensitizes spindle poles. Our data indicate that, contrary to loss of CLASP1/2 function at spindle poles, this is probably due to a prolonged mitotic delay associated with cohesion fatigue. Furthermore, our work implicates CLASPs in the recruitment of ninein to residual pericentriolar satellites during mitosis. Pericentriolar satellites are electron-dense granules at the centrosome periphery involved in the recruitment of centrosomal proteins, including ninein, during interphase 32, 38 , but their roles in mitosis remained mysterious. Recently, other pericentriolar satellite components were shown to be required for spindle-pole integrity 34, 35 . CEP90 prevents the fragmentation of pericentriolar material in response to 'forces during prometaphase' 34 and CEP72 interacts with the Plk1 target Kizuna, which ensures spindle-pole integrity in part due to Kid-mediated forces 36 . Thus, a role for pericentriolar satellites during mitosis is emerging as a structural mechanism of spindle-pole resistance to CENP-E-and Kid-mediated forces exerted during chromosome alignment.
Finally, we demonstrate that mammalian CLASPs contribute to mitotic fidelity not only by regulating kinetochore-microtubule attachments 9, 12, 14 , but also by preventing irreversible spindle multipolarity through distinct molecular partnerships at kinetochores and centrosomes. For instance, incomplete CLASP1/2 depletion by RNAi, which does not remove a stable centrosome-associated CLASP1/2 pool 11, 12 , or injection of anti-CLASP1 antibodies 9 , leads mostly to short bipolar or monopolar spindles, which might be explained by preferential loss of CLASP1/2 function at kinetochores. Importantly, the irreversible nature of spindle multipolarity arising through the mechanism reported here is in marked contrast with the transient multipolar configuration due to supernumerary centrosomes 5, 6 , uncovering an alternative route to aneuploidy. On the other hand, as multipolar anaphase often results in daughter-cell lethality in several tumour-derived cell lines 5 , CLASPs may represent potential chemotherapeutic targets in human cancers.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology 15 . Cells were transfected 1 h after plating with Lipofectamine RNAiMAX-siRNA complexes according to the manufacturer's instructions (Invitrogen). Phenotypes were analysed and quantified 36 h or 72 h later depending on RNAi depletion efficiency as monitored by western blotting using the following antibodies: rat anti-CLASP1 1:100 and rat anti-CLASP2 1:100 (ref. . HRP-conjugated secondary antibodies (Amersham) were visualized using the ECL system (Pierce). A GS-800 calibrated densitometer (BioRad) was used for quantitative analysis of protein levels on RNAi.
Drug treatments. HeLa centrin-GFP cell cultures were incubated for 24 h in media containing 2 µM cytochalasin D (Sigma-Aldrich) to induce cytokinesis failure. To inhibit the proteasome and induce a metaphase arrest, cells were treated with 5 µM MG132 (Calbiochem). For Eg5 inhibition, 5 µM STLC (Sigma-Aldrich) was added to the media and cells were either immediately filmed or fixed after 1 h. STLC washout was carried out by rinsing cells four times with fresh medium. Cells were then filmed for ∼2 h ( Supplementary Fig. S4 and Movies S4 and S5), or alternatively filmed for ∼4 h following the addition of medium containing 2 µM ZM447439 (AstraZeneca) +5 µM MG132 (Calbiochem; Supplementary Fig. S5b ). For mitoticcheckpoint inhibition, cells were treated before mitotic entry with 5 µM Mps1-IN-1 (ref. 19 ). For CENP-E inhibition, 20 nM GSK-923295 (MedChemexpress) was added to the media and cells were either immediately filmed or fixed after 1 h. GSK-923295 washout was carried out 2 h later by rinsing cells four times with fresh medium.
Immunofluorescence microscopy. HeLa centrin-GFP cells were processed for immunofluorescence microscopy as described previously 9 . Primary antibodies used were: rat anti-CLASP1 1:20 (ref. 11), mouse or rat anti-α-tubulin respectively 1:2,000 and 1:100 (Sigma-Aldrich), rabbit anti-γ-tubulin 1:2,000 (Sigma-Aldrich), rabbit anti-MAD2 1:400 (Bethyl), rabbit anti-CENP-E 1:400 (Santa Cruz), mouse anti-astrin 1:500, rabbit anti-ninein 1:1,000 (provided by Y-R. Hong, Kaohsjung Medical University, Taiwan), rabbit and mouse anti-ninein respectively 1:1,000 and 1:1 (provided by E. Nigg, Biozentrum, University of Basel, Switzerland), rabbit anti-PCM-1 1:400 (provided by A. Merdes, CNRS, Toulouse, France) 32 Taiwan) 28 . Secondary antibodies used were Alexa Fluor 488, 568 and 647 diluted 1:1,500 (Invitrogen) and DNA was counterstained with DAPI (1 µg ml −1 ). For chromosome spreads, HeLa cells were treated as described previously 17 with 300 ng ml −1 nocodazole for 1 h, and then swollen in a 1:1 mixture of medium and double-distilled H 2 O plus nocodazole for 20 min at 37 • C. Mitotic cells were collected by shake off, suspended and washed by centrifugation in 3:1 methanol/acetone, and finally dropped from a height of at least 45 cm onto cleaned glass coverslips. For phenotypic analysis, 150-300 cells were quantified in each of three independent experiments, unless otherwise indicated.
Image acquisition and time-lapse microscopy. Image acquisition for immunofluorescence microscopy analysis was carried out in a Zeiss AxioImager Z1 equipped with a Axiocam MR. Images were subsequently blind deconvolved with Autoquant X (Media Cybernetics). Adobe Photoshop CS4 (Adobe Systems) was used for image processing. CLASP1/2 and ninein levels at the centrosomes were measured using MATLAB (The Mathworks) by quantification of the pixel grey levels of the focused z plane within a region of interest. The background signal was measured within a neighbouring region and was subtracted from the measured fluorescence intensity inside the region of interest. Co-localization analysis of ninein and PCM-1 immunostainings (respectively mouse and rabbit antibodies) was carried out using the co-localization plugin package in ImageJ (http://rsbweb.nih.gov/). For timelapse microscopy, cells were plated in 35 mm glass-bottom dishes (14 mm, No 1.5 coverglass; MatTek Corporation), transfected and/or treated with chemical reagents and imaged in a heated chamber (37 • C and 5% CO 2 ). Four-dimensional data sets were collected with a Revolution spinning-disc confocal system (Andor) equipped with an electron-multiplying CCD (charge-coupled device) iXon EM + camera and a Yokogawa CSU-22 unit based on an Olympus IX81 inverted microscope. Two laser lines at 488 and 561 nm were used for the excitation of GFP and mRFP and the system was driven by IQ software (Andor). z stacks (0.8-1.0 µm) covering the entire volume of the mitotic apparatus were collected every 1.5-2.5 min according to the experiments with a PLANAPO 60× NA 1.40 objective. All images represent maximum-intensity projections of all z planes. ImageJ was used to process all movies. Images for four-dimensional-reconstruction analysis were deconvolved using the classical maximum-likelihood algorithm of Huygens Professional 4.0 (Scientific Volume Imaging) and then analysed with the open-source software 3D Viewer of Fiji (www.fiji.sc).
Photoconversion and measurement of microtubule flux. For photoconversion assays, U2OS cells stably expressing mEos-tubulin (gift from S. Geley, Innsbruck Medical University, Innsbruck, Austria) were cultivated on glass-bottomed dishes (MatTek). Imaging was carried out using a PLANAPO 100× NA 1.40 DIC objective on a Nikon TE2000U inverted microscope equipped with a Yokogawa CSU-X1 spinning-disc confocal head containing two laser lines (488 nm and 561 nm) and a Mosaic (Andor) photoactivation system also containing two laser lines (405 nm and 488 nm). Photoconversion was carried out in late prometaphase/metaphase cells, identified by green fluorescent tubulin signals, by using two line-like regions of interest, placed perpendicular to the main spindle axis on both sides of the metaphase plate. Activation was carried out by one 500 ms pulse from a 405 nm laser. Photoconverted red signals as well as green fluorescence signals were then followed over using 561 nm and 488 nm lasers and an iXon EM +electron-multiplying CCD camera every 3 s for 5 min. Microtubule flux (µm min −1 ) was quantified by tracking photoconverted mEos-tubulin over time using a Matlab algorithm for kymograph generation and analysis 40 . Generated kymographs were collapsed and the fluorescence intensity curve was created. Fluorescence intensity peaks of each time frame were defined by manually tracking regions of the highest fluorescence intensities followed by automatized curve fitting. Distances between measured peaks were then exported into an Excel table and microtubule flux values were calculated both from the distances between two activated regions and from the distances between each region and the mitotic pole of its associated half-spindle. 
